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Abstract	
  
Biological	
   membranes	
   form	
   the	
   boundaries	
   to	
   cells.	
   	
   They	
   are	
   integral	
   to	
   cellular	
  
function,	
   retaining	
   the	
   valuable	
   components	
   inside	
   and	
   preventing	
   access	
   of	
  
unwanted	
  molecules.	
   	
  Many	
  different	
   classes	
  of	
  molecules	
  demonstrate	
  disruptive	
  
properties	
   to	
   the	
   plasma	
   membrane.	
   	
   These	
   include	
   alcohols,	
   detergents	
   and	
  
antimicrobial	
  agents.	
  	
  Understanding	
  this	
  disruption	
  and	
  the	
  mechanisms	
  by	
  which	
  it	
  
can	
   be	
  mitigated	
   is	
   vital	
   for	
   improved	
   therapeutics	
   as	
  well	
   as	
   enhanced	
   industrial	
  
processes	
   where	
   the	
   compounds	
   produced	
   can	
   be	
   toxic	
   to	
   the	
   membrane.	
   	
   This	
  
mini-­‐review	
   describes	
   the	
   most	
   common	
   molecules	
   that	
   disrupt	
   cell	
   membranes	
  
along	
   with	
   a	
   range	
   of	
   in	
   vitro	
   liposome-­‐based	
   techniques	
   that	
   can	
   be	
   used	
   to	
  
monitor	
  and	
  delineate	
  these	
  disruptive	
  processes.	
  
	
  
Abbreviations	
  
ABE,	
   acetone-­‐butanol-­‐ethanol;	
   AMPs,	
   Antimicrobial	
   peptides;	
   ANTS,	
   8-­‐
Aminonaphthalene-­‐1,3,6-­‐trisulfonic	
   acid;	
  CF,	
  5(6)-­‐Carboxyfluorescein;	
  CHAPS,	
  3-­‐[(3-­‐
cholamidopropyl)dimethylammonio]-­‐1-­‐propanesulfonate;	
   CMC,	
   critical	
   micelle	
  
concentration;	
   CPE,	
   conjugated	
   polyelectrolytes;	
   DDM,	
   n-­‐dodecyl-­‐β-­‐d-­‐maltoside;	
  
DLS,	
   dynamic	
   light	
   scattering;	
   DOPC,	
   2-­‐((2,3-­‐
bis(oleoyloxy)propyl)dimethylammonio)ethyl	
   hydrogen	
   phosphate;	
   DPX,	
   p-­‐xylene-­‐
bis-­‐pyridinium	
   bromide;	
   GP,	
   generalised	
   polarization;	
   LMVs,	
   large	
   multilamellar	
  
vesicles;	
   LSPR,	
   localised	
   surface	
   plasmon	
   resonance;	
   MβCD,	
   methyl-­‐beta-­‐
cyclodextrin;	
   	
  NR,	
  Nile	
  red;	
  PC,	
  phosphatidylcholine;	
  PE,	
  phosphatidylethanolamine;	
  
PG,	
   phosphatidylglycerol;	
   PI,	
   phosphatidylinositol;	
   PS,	
   phosphatidylserine;	
   RTX,	
  
repeats-­‐in-­‐toxin;	
  	
  SLBs,	
  supported	
  lipid	
  bilayers;	
  SUVs,	
  small	
  unilamellar	
  vesicles;	
  Tm,	
  
melting	
  temperature;	
  TOCL,	
  tetraoleoylcardiolipin.	
  
	
  
1.	
  Introduction	
  
	
  
The	
  plasma	
  membrane	
   is	
   a	
   critical	
   component	
  of	
   the	
   cell;	
   it	
  maintains	
   its	
   integrity	
  
and	
   protects	
   it	
   from	
  environmental	
   stresses.	
   The	
  membrane	
   comprises	
   a	
   complex	
  
bilayer	
   of	
   lipids,	
   such	
   as	
   phospholipids,	
   which	
   can	
   account	
   for	
   over	
   25%	
   of	
   the	
  
membrane	
   components1,	
   glycolipids	
   and	
   sterols2,3.	
   In	
   addition,	
   it	
   contains	
  
membrane	
  proteins	
  involved	
  in	
  biochemical	
  processes,	
  including	
  electron	
  and	
  solute	
  
transport	
   and	
   intracellular	
   signaling2.	
   The	
   integrity	
   of	
   the	
   membrane	
   is	
   therefore	
  
essential	
  for	
  cell	
  viability.	
  
	
  



There	
   are	
   various	
   biophysical	
   properties	
   of	
   the	
   membrane	
   which	
   are	
   vital	
   for	
   its	
  
function,	
   including	
   thickness,	
   fluidity,	
   lateral	
   pressure,	
   charge	
   and	
   permeability.	
  	
  
Membrane	
   fluidity	
   is	
   influenced	
   by	
   lipid	
   composition;	
   phospholipid	
   bilayers	
   are	
  
normally	
   fluid	
   at	
   physiological	
   temperatures,	
   although	
   their	
   individual	
   melting	
  
temperature	
  (Tm)	
  is	
  dependent	
  upon	
  the	
  properties	
  such	
  as	
  chain	
  length,	
  degree	
  of	
  
unsaturation	
   and	
   head	
   group	
   shape4.	
   Above	
   their	
   Tm,	
   lipids	
   are	
   in	
   a	
   fluid	
   liquid	
  
crystalline	
   phase,	
   and	
   below	
   this	
   a	
   more	
   solid	
   gel-­‐phase;	
   fluidity	
   decreases	
   with	
  
lower	
   temperatures5,6.	
   The	
   combination	
   of	
   different	
   lipids	
   present	
   therefore	
  
determines	
  the	
  fluidity	
  of	
  the	
  membrane.	
  
	
  
Membrane	
   thickness	
   and	
   lateral	
   pressure	
   can	
   be	
   influenced	
   by	
   chain	
   length	
   and	
  
saturation	
  of	
  the	
  lipids5.	
  A	
  study	
  by	
  Cantor	
  (1999)7	
  found	
  that	
  double	
  bonds	
  present	
  
closer	
   to	
   the	
   lipid	
   headgroups	
   increases	
   lateral	
   pressure	
   and	
   that	
   the	
   presence	
   of	
  
cholesterol	
  influences	
  both	
  thickness	
  and	
  lateral	
  pressure.	
  The	
  thickness	
  and	
  fluidity	
  
of	
  membranes	
  as	
  well	
  as	
  lipid	
  packing	
  may	
  also	
  affect	
  permeability	
  to	
  solutes;	
  water	
  
permeability	
  can	
  be	
  reduced	
  by	
  the	
  presence	
  of	
  particular	
  lipids	
  such	
  as	
  cholesterol	
  
and	
  sphinogolipids8.	
  
	
  
The	
  surface	
  charge	
  of	
  membranes	
  is	
  determined	
  by	
  the	
  overall	
  charge	
  of	
  the	
  cationic	
  
and	
   anionic	
   functional	
   groups	
   of	
   the	
   headgroups	
   of	
   the	
   lipids	
   present.	
  
Phosphatidylethanolamine	
  (PE)	
  and	
  phosphatidylcholine	
  (PC)	
  are	
  zwitterionic,	
  while	
  
phosphatidylserine	
  (PS)	
  and	
  phosphatidylinositol	
  (PI)	
  are	
  negatively	
  charged	
  and	
  are	
  
abundant	
   in	
   the	
   inner	
   leaflet;	
   they	
   therefore	
   contribute	
   significantly	
   to	
   the	
   net	
  
overall	
   negative	
   charge	
   of	
   the	
   membrane9,	
   which	
   in	
   turn	
   generates	
   a	
   surface	
  
potential.	
  	
  
	
  
Disruption	
   of	
   the	
   membrane	
   by	
   molecular	
   or	
   physical	
   methods	
   can	
   alter	
   these	
  
properties	
   and	
   impact	
   upon	
   membrane	
   stability	
   and	
   function.	
   	
   In	
   addition,	
   the	
  
correct	
   function	
   of	
   membrane	
   proteins	
   is	
   highly	
   dependent	
   upon	
   their	
   lipid	
  
environment	
  and,	
   therefore,	
  alterations	
  to	
  the	
   lipid	
  components	
  have	
  concomitant	
  
changes	
  on	
  membrane	
  protein	
  activity.	
  This	
  mini-­‐review	
  discusses	
  compounds	
  that	
  
can	
   disrupt	
   membranes	
   and	
   the	
   consequences	
   of	
   this	
   upon	
   the	
   cell.	
   It	
   highlights	
  
some	
  of	
   the	
   latest	
   in	
   vitro	
  methods	
   for	
   studying	
  membrane	
   integrity,	
  with	
  a	
   focus	
  
upon	
   liposome-­‐based	
  assays	
   that	
  are	
  accessible	
   to	
  most	
   labs	
  and	
  can	
  generally	
  be	
  
performed	
   without	
   requiring	
   specialist	
   equipment.	
   We	
   have	
   included	
   some	
  
illustrative	
  examples	
  but	
  there	
  are	
  many	
  other	
  applications	
  of	
  these	
  systems	
  across	
  
the	
  range	
  of	
  membrane	
  biology.	
  	
  
	
  
2.	
  Membrane-­‐disrupting	
  compounds	
  
	
  
2.1	
  Solvents	
  

Organic	
   solvents	
   have	
   been	
   demonstrated	
   to	
   disrupt	
   membranes;	
   this	
   is	
   of	
  
significant	
  interest	
  to	
  industrial	
  process	
  which	
  employ	
  microorganisms	
  such	
  as	
  yeast	
  
for	
  brewing	
  and	
  Clostridia	
   species	
   in	
   the	
  acetone-­‐butanol-­‐ethanol	
   (ABE)	
  process	
   to	
  
generate	
  high-­‐value	
  chemicals10.	
  The	
  yields	
  of	
  many	
  of	
  these	
  processes	
  are	
  hindered	
  
by	
   the	
   toxic	
   effects	
   of	
   their	
   products	
   upon	
   the	
   membrane11.	
   Alcohols	
   have	
   been	
  



shown	
   to	
   alter	
   membrane	
   properties	
   such	
   as	
   fluidity12,	
   permeability13	
   and	
  
membrane	
   thickness14.	
   	
   They	
   may	
   affect	
   the	
   lateral	
   pressure	
   and	
   electrostatic	
  
potential	
   of	
   the	
   cell	
  membrane,	
   affecting	
   cell	
   signalling	
   and	
   the	
   function	
   of	
  water	
  
and	
  ion	
  channels15.	
  In	
  addition,	
  membrane	
  disruption	
  can	
  lead	
  to	
  loss	
  of	
  control	
  over	
  
solute	
   transport	
   and	
   leakage	
   of	
   cofactors	
   as	
   well	
   as	
   reduced	
   growth	
   rates	
   and	
  
viability	
  of	
  the	
  cells2.	
  

For	
   shorter	
   chain	
   alcohols,	
   the	
   degree	
   of	
   partitioning	
   into	
   the	
   membrane	
   occurs	
  
according	
   to	
   their	
  hydrocarbon	
  chain	
   length;	
   this	
  effect	
  has	
  been	
  demonstrated	
   to	
  
reach	
   a	
   plateau	
   for	
   longer	
   chain	
   alcohols16.	
   A	
   study	
   by	
   Ly	
   and	
   Longo	
   (2004)14	
  
suggests	
  that	
  for	
  every	
  additional	
  CH2	
  group,	
  an	
  alcohol	
  is	
  three	
  times	
  more	
  efficient	
  
in	
   reducing	
   the	
   interfacial	
   tension	
   of	
   a	
   bilayer	
   and	
   that	
   three	
   times	
  more	
   alcohol	
  
partitions	
  into	
  the	
  bilayer-­‐water	
  interface.	
  Molecular	
  dynamics	
  simulations	
  by	
  Patra	
  
et	
   al	
   (2006)15	
   demonstrated	
   that	
   ethanol	
   readily	
   penetrates	
   the	
   membrane	
   and	
  
appears	
  to	
   localize	
  close	
  to	
  ester	
  oxygens	
  of	
   lipids	
  and	
  hydrogen	
  bonds	
  with	
  them.	
  
This	
  was	
  not	
  the	
  case	
  with	
  the	
  more	
  polar	
  molecule	
  methanol,	
  which	
  was	
  unable	
  to	
  
cross	
  the	
  membrane,	
  nor	
  form	
  hydrogen	
  bonds.	
  Ethanol	
  was	
  found	
  to	
  increase	
  the	
  
area	
   per	
   lipid	
   and	
   to	
   decrease	
   bilayer	
   thickness,	
   and	
   as	
   a	
   result,	
   the	
   membrane	
  
becomes	
   more	
   permeable	
   to	
   small	
   molecules	
   and	
   impacts	
   upon	
   the	
   function	
   of	
  
membrane	
  proteins.	
  	
  

Organisms	
   such	
   as	
  E.	
   coli	
   are	
   thought	
   to	
   compensate	
   for	
   the	
   effects	
   of	
   alcohol	
   by	
  
altering	
   their	
   membrane	
   lipid	
   composition	
   to	
   increase	
   rigidity	
   in	
   the	
   presence	
   of	
  
ethanol,	
  where	
  they	
  replaced	
  C16:0	
  chains	
  with	
  C18:117.	
  Clostridia	
  species	
  have	
  been	
  
demonstrated	
   to	
   compensate	
   for	
   increased	
   fluidity	
   by	
   increasing	
   the	
   quantity	
   of	
  
saturated	
   lipids	
   in	
   the	
  membrane18.	
   This	
   enables	
   the	
   lipids	
   to	
   pack	
   together	
  more	
  
tightly	
   than	
  unsaturated	
   lipids,	
   decreasing	
   fluidity.	
   In	
   vitro	
   studies	
  on	
   the	
  effect	
  of	
  
specific	
   lipids	
   on	
   membrane	
   resistance	
   to	
   alcohols	
   could	
   help	
   to	
   improve	
   the	
  
efficiency	
  of	
  numerous	
  biotechnological	
  processes.	
  
	
  
2.2	
  Detergents	
  

Detergents	
  are	
  amphipathic	
  surface-­‐active	
  molecules.	
  In	
  aqueous	
  environments	
  they	
  
spontaneously	
  form	
  micelles	
  due	
  to	
  their	
  polar	
  head	
  groups	
  and	
  hydrophobic	
  tails19.	
  
They	
   are	
   grouped	
   into	
   ionic	
   detergents	
   e.g.	
   sodium	
   dodecyl	
   sulfate	
   (SDS),	
   anionic	
  
detergents	
  e.g.	
  n-­‐Dodecyl	
  β-­‐D-­‐maltoside	
   (DDM)	
  and	
   zwitterionic	
  detergents	
  e.g.	
  3-­‐
[(3-­‐cholamidopropyl)dimethylammonio]-­‐1-­‐propanesulfonate	
   (CHAPS),	
   and	
   their	
  
properties	
   are	
   dependent	
   upon	
   their	
   structure20.	
   They	
   are	
   able	
   to	
   disrupt	
   cell	
  
membranes	
  at	
  concentrations	
  above	
  their	
  critical	
  micelle	
  concentration	
  (CMC),	
  and	
  
this	
   effect	
   is	
   frequently	
   utilised	
   to	
   release	
   membrane	
   proteins	
   from	
   their	
   lipid	
  
environment	
   for	
   further	
   biophysical	
   studies	
   due	
   to	
   formation	
  of	
   protein-­‐detergent	
  
complexes20.	
  

Solubilisation	
  of	
  lipid	
  membranes	
  is	
  complex,	
  however	
  it	
  is	
  thought	
  to	
  occur	
  in	
  three	
  
stages.	
   The	
   first	
   stage	
   occurs	
   at	
   low	
   detergent	
   concentrations,	
   and	
   the	
   detergent	
  
partitions	
  between	
   the	
  aqueous	
  medium	
  and	
   the	
  membrane	
  with	
   little	
  disruption.	
  
The	
  term	
  Resat	
  is	
  used	
  describe	
  the	
  lipid	
  to	
  detergent	
  ratio	
  necessary	
  for	
  the	
  onset	
  of	
  



solubilisation,	
   and	
   above	
   this	
   the	
   second	
   stage	
   of	
   solubilisation	
   occurs;	
   increased	
  
concentrations	
   of	
   detergent	
   disrupt	
   the	
   bilayer	
   to	
   form	
  mixed	
  micelles	
   containing	
  
lipids,	
  protein	
  and	
  detergent.	
  At	
  higher	
  concentrations	
  of	
  detergent	
  the	
  third	
  stage	
  
occurs,	
   where	
   the	
   protein-­‐lipid-­‐detergent	
   micelles	
   mix	
   rapidly	
   with	
   detergent	
  
micelles	
   and	
   the	
   bilayer	
   is	
   entirely	
   solubilised	
   (Resol).	
   Smaller	
  micelles	
   of	
   lipid	
   and	
  
detergent	
  are	
  produced,	
  with	
  a	
  higher	
  detergent	
  to	
  lipid	
  ratio.	
  This	
  involves	
  stripping	
  
away	
  lipid	
  from	
  the	
  protein	
  to	
  produce	
  lipid-­‐detergent	
  and	
  protein-­‐detergent	
  mixed	
  
micelles.	
   Dw

sat	
   and	
   Dw
sol	
   are	
   the	
   values	
   for	
   the	
   detergent	
   concentration	
   at	
   the	
  

initiation	
   of	
   saturation	
   and	
   solubilisation,	
   and	
   can	
   be	
   back-­‐extrapolated	
   by	
  
measuring	
  turbidity	
  at	
  different	
  concentrations	
  of	
  lipid21,22.	
  	
  

A	
  range	
  of	
  surfactants	
  and	
  polymers	
  such	
  as	
  fluorinated	
  surfactants23,	
  styrene-­‐maleic	
  
acid	
   copolymers24	
   and	
   amphiphipols25	
   are	
   being	
   explored	
   for	
   improvements	
   over	
  
traditional	
   detergents.	
   The	
   development	
   of	
   surfactants	
   able	
   to	
   extract	
  membrane	
  
proteins	
   from	
   their	
   lipid	
   environment	
   more	
   efficiently	
   and	
   better	
   maintain	
   their	
  
stability	
  will	
  greatly	
  aid	
  the	
  study	
  of	
  these	
  proteins.	
  

2.3	
  Local	
  anaesthetics	
  

Local	
  anaesthetics	
  used	
  to	
  achieve	
  anaesthesia	
  and	
  analgesia	
  are	
  known	
  to	
  influence	
  
membrane	
  integrity.	
  They	
  consist	
  of	
  a	
  lipophilic	
  aromatic	
  ring,	
  an	
  intermediate	
  ester	
  
or	
  amide	
  chain	
  and	
  a	
  terminal	
  amine.	
  Their	
  lipid	
  solubility	
  allows	
  them	
  to	
  diffuse	
  into	
  
neural	
  membranes	
   to	
   bind	
   and	
   disrupt	
   the	
   action	
   of	
   sodium	
   channels,	
   preventing	
  
depolarisation26.	
  In	
  general,	
  the	
  more	
  hydrophobic	
  the	
  molecule,	
  the	
  more	
  efficient	
  
the	
  effect.	
  However,	
  this	
  also	
  leads	
  to	
  greater	
  toxicity.	
  This	
   is	
  thought	
  to	
  be	
  due	
  to	
  
non-­‐specific	
   action	
   of	
   these	
   drugs	
   upon	
   the	
   membrane,	
   where	
   at	
   high	
  
concentrations	
   they	
   increase	
   membrane	
   permeability	
   and	
   fluidity27.	
   	
   Some	
   local	
  
anaesthetics	
  such	
  as	
  bupivacaine	
  have	
  been	
  reported	
  to	
  have	
  a	
  negative	
  effect	
  upon	
  
the	
   heart27;	
   a	
   better	
   understanding	
   of	
   how	
   these	
   drugs	
   alter	
   membrane	
   fluidity	
  
could	
  help	
  to	
  reduce	
  side	
  effects.	
  

2.4	
  Antimicrobial	
  agents	
  
	
  
Cell	
  membranes	
   are	
   the	
   target	
  of	
   numerous	
   antimicrobial	
   agents,	
  which	
   are	
  often	
  
lipophilic.	
  They	
  can	
  interact	
  directly	
  with	
  the	
  membrane	
  to	
  disrupt	
  its	
  integrity,	
  and	
  
may	
  as	
  a	
  consequence	
  disrupt	
   the	
   function	
  of	
  membrane	
  proteins28.	
  Drugs	
  able	
   to	
  
disrupt	
   the	
   bacterial	
   membrane	
   include	
   the	
   lipoglycopeptides	
   daptomycin,	
  
telavancin,	
  oritavancin	
  and	
  dalbavancin.	
  They	
  function	
  by	
  interacting	
  with	
  negatively	
  
charged	
  and	
  zwitterionic	
  phospholipids.	
  For	
  example,	
  oritavancin	
  has	
  a	
  net	
  positive	
  
charge,	
   and	
   it	
   disrupts	
   membranes	
   abundant	
   in	
   phosphatidylglycerol	
   (PG)	
   and	
  
cardiolipin28.	
   Studies	
   on	
   antimicrobial	
   agents	
   such	
   as	
   shikimic	
   acid	
   have	
   suggested	
  
that	
  it	
  is	
  able	
  to	
  cause	
  leakage	
  of	
  K+	
  and	
  nucleotides	
  from	
  Staphylococcis	
  aureus	
  by	
  
interacting	
  with	
  both	
  membrane	
   lipids	
  and	
  proteins,	
  decreasing	
  membrane	
   fluidity	
  
and	
   increasing	
   its	
   permeability,	
   ultimately	
   inhibiting	
   growth	
   and	
   leading	
   to	
   cell	
  
death29.	
  
	
  



Antimicrobial	
  peptides	
  (AMPs)	
  are	
  molecules	
  usually	
  ranging	
  from	
  12-­‐50	
  amino	
  acids	
  
and	
  their	
  secondary	
  structures	
  include	
  α-­‐helix,	
  β-­‐sheet	
  and	
  loops30,31,32.	
  Many	
  AMPs	
  
are	
  amphipathic30,31	
  which	
  has	
  been	
  shown	
  to	
  be	
  an	
  important	
  factor	
  in	
  their	
  ability	
  
to	
  bind	
  to	
  membranes32,33	
  .	
  Although	
  the	
  precise	
  mechanism	
  of	
  action	
  of	
  many	
  AMPs	
  
is	
  still	
  unknown,	
  several	
  studies	
  have	
  suggested	
  that	
  their	
  properties	
  allow	
  them	
  to	
  
cross	
   the	
   cell	
   wall	
   or	
   outer	
   membrane	
   and	
   disrupt	
   it,	
   leading	
   to	
   cell	
   death30.	
   In	
  
contrast,	
  some	
  AMPs	
  penetrate	
  the	
  membrane	
  without	
  significantly	
  disrupting	
  it	
  to	
  
interact	
  with	
  intra	
  cellular	
  targets	
  leading	
  to	
  cell	
  death34,35.	
  Many	
  AMPs	
  are	
  cationic	
  
and	
   are	
   rich	
   in	
   positively	
   charged	
   amino	
   acids	
   such	
   as	
   lysine	
   and	
   arginine,	
   which	
  
allow	
  the	
  peptides	
  to	
  interact	
  with	
  negatively	
  charged	
  lipids	
  in	
  bacterial	
  membranes,	
  
driving	
   the	
   first	
   step	
   in	
   insertion	
   and	
   antibacterial	
   activity.	
   They	
  may	
   also	
   contain	
  
hydrophobic	
   residues	
   such	
   as	
   tryptophans	
   or	
   phenylalanines.	
   These	
   amino	
   acids	
  
contribute	
   to	
   the	
   ability	
   of	
   the	
   peptides	
   to	
   interact	
   with	
   and	
   disrupt	
   bacterial	
  
membranes30.	
   Simulations	
   have	
   been	
   performed	
   for	
   AMPs	
   such	
   as	
   protegin-­‐1	
  
interacting	
  with	
  patches	
  of	
  bilayer36.	
  The	
  simulations	
  showed	
  that	
  depending	
  upon	
  
the	
   peptide	
   to	
   lipid	
   ratio,	
   PG-­‐1	
   forms	
   different	
   structures	
   leading	
   to	
   membrane	
  
disruption.	
   In	
   the	
  model,	
   PG-­‐1	
   was	
   able	
   to	
   bind	
   to	
   the	
   edge	
   of	
   the	
   bilayer,	
   form	
  
pores	
   by	
   causing	
   local	
   curvature,	
   and	
   at	
   higher	
   peptide	
   to	
   lipid	
   ratios	
   formed	
  
wormlike	
   micelles36.	
   Other	
   AMPs	
   are	
   thought	
   to	
   disrupt	
   membranes	
   with	
   a	
  
detergent-­‐like	
   “carpet”	
   mechanism	
   such	
   as	
   cecropin	
   A	
   (Fig.	
   1).	
   The	
   peptides	
   are	
  
thought	
  to	
  build	
  up	
  at	
  the	
  membrane	
  surface	
  until	
  they	
  reach	
  a	
  critical	
  concentration	
  
where	
   it	
   is	
  covered	
  like	
  a	
  carpet;	
  they	
  then	
  insert	
   into	
  the	
  membrane,	
  disrupting	
   it	
  
without	
   the	
   formation	
  of	
  pores31.	
   	
  Another	
  group	
  of	
  cytotoxic	
  molecules	
  are	
  pore-­‐
forming	
   toxins,	
   which	
   are	
   produced	
   by	
   bacteria	
   and	
   some	
   eukaryotes.	
   These	
  
proteins	
   that	
  associate	
  with	
   target	
  cell	
  membranes	
   to	
   form	
  pores	
   that	
  destroy	
   the	
  
integrity	
  of	
  the	
  cell37.	
  	
  
	
  
In	
   summary,	
   numerous	
   molecules	
   are	
   able	
   to	
   disrupt	
   membranes	
   with	
   several	
  
mechanisms	
  of	
  action;	
  alcohols	
  can	
  insert	
  into	
  membranes	
  to	
  increase	
  the	
  area	
  per	
  
lipid15,	
  and	
  like	
  anaesthetics,	
  alter	
  fluidity27,	
  impacting	
  on	
  the	
  function	
  of	
  membrane	
  
proteins.	
   Some	
   antimicrobial	
   agents	
   are	
   thought	
   to	
   act	
   in	
   a	
   similar	
   manner	
   to	
  
detergents	
  and	
  disrupt	
  the	
  membrane	
  to	
  form	
  micelle-­‐like	
  structures31.	
  Other	
  AMPs	
  
can	
  form	
  pores,	
  as	
  can	
  pore-­‐forming	
  toxins,	
  potentially	
   leading	
  to	
  osmotic	
  swelling	
  
and	
   lysis37.	
   Continued	
   in	
   vitro	
   studies	
   are	
   still	
   needed	
   to	
   further	
   enhance	
   our	
  
understanding	
  of	
  the	
  mechanism	
  of	
  action	
  of	
  many	
  of	
  these	
  important	
  agents.	
  
	
  
3.	
  Methods	
  to	
  investigate	
  the	
  membrane	
  integrity	
  of	
  liposomes	
  
	
  
Many	
   in	
   vitro	
   studies	
   on	
   membranes	
   utilise	
   liposomes.	
   Liposomes	
   are	
   spherical	
  
phospholipid	
   bilayers	
   enclosing	
   an	
   internal	
   aqueous	
   environment.	
   Because	
   of	
   this	
  
similarity	
   with	
   cellular	
   membranes,	
   they	
   are	
   often	
   used	
   as	
   simple	
   cell	
   models38.	
  
Additionally,	
   because	
   of	
   their	
   ability	
   to	
   compartmentalise	
   their	
   internal	
   aqueous	
  
environment	
  from	
  the	
  external	
  environment,	
  they	
  can	
  be	
  used	
  in	
  drug	
  delivery	
  and	
  
membrane	
  integrity	
  assays39.	
  	
  
	
  
The	
   lipid	
   composition	
   of	
   liposomes	
   depends	
   on	
   the	
   desired	
  model,	
   for	
   example	
   a	
  
molar	
   ratio	
   of	
   3	
   phosphatidylethanolamine:	
   1	
   phosphatidylglycerol	
   is	
   considered	
   a	
  



good	
  model	
  of	
  an	
   inner	
  bacterial	
  membrane40.	
   	
   In	
  contrast,	
  eukaryotic	
  membranes	
  
are	
   predominantly	
   phosphatidylcholine,	
   phosphatidylethanolamine,	
  
phosphatidylserine	
  and	
  phosphatidylinositol	
  with	
  phosphatidylglycerol	
  being	
  a	
  minor	
  
species.	
   There	
   is	
   also	
   variation	
   between	
   subcellular	
   membrane	
   compositions.	
   For	
  
example,	
   in	
   Saccharomyces	
   cerevisiae	
   the	
   plasma	
   membrane	
   is	
   primarily	
  
phosphatidylserine	
   whereas	
   the	
   mitochondrial	
   membrane	
   is	
   mainly	
  
phosphatidylcholine41.	
   	
   Conventional	
   liposome	
   models	
   will	
   have	
   identical	
   leaflets	
  
comprising	
   the	
   bilayer,	
   which	
   is	
   not	
   reflective	
   of	
   the	
   diversity	
   seen	
   in	
   biological	
  
membrane.	
   Recently,	
   a	
   novel	
   protocol	
   has	
   been	
   developed	
   to	
   produce	
   liposomes	
  
with	
   asymmetric	
   leaflet	
   compositions	
   utilising	
   methyl-­‐β-­‐cyclodextrin-­‐catalyzed	
  
exchange	
   between	
   liposome	
   populations	
   of	
   different	
   lipid	
   compositions42.	
   	
   This	
  
method	
   is	
   more	
   versatile	
   than	
   previous	
   methods	
   such	
   as	
   enzymatic	
   headgroup	
  
modification43	
  or	
  redistribution	
  of	
  charged	
  lipids	
  by	
  changing	
  the	
  pH44,	
  both	
  of	
  which	
  
can	
  only	
  work	
  with	
  a	
  specific	
  population	
  of	
  lipids.	
  	
  
	
  
The	
  procedure	
  for	
  making	
  liposomes	
  is	
  relatively	
  simple45	
  and	
  relies	
  on	
  hydrophobic	
  
interactions	
  between	
  lipid	
  molecules	
  and	
  an	
  aqueous	
  solution	
  (Fig.	
  2).	
  A	
  mixture	
  of	
  
lipid	
  in	
  organic	
  solvent	
  is	
  added	
  to	
  a	
  round-­‐bottom	
  flask.	
  The	
  solvent	
  is	
  evaporated	
  
with	
  an	
  inert	
  gas,	
  such	
  as	
  N2	
  (O2	
  exposure	
  is	
  to	
  be	
  avoided	
  to	
  prevent	
  lipid	
  oxidation)	
  
to	
  produce	
  a	
  thin	
  lipid	
  film	
  around	
  the	
  bottom	
  of	
  the	
  flask.	
  Following	
  this,	
  the	
  lipid	
  
film	
  is	
  rehydrated	
  with	
  an	
  aqueous	
  solution	
  (which	
  can	
  contain	
  dye	
  /	
  drug	
  molecules)	
  
upon	
   which	
   the	
   lipid	
   film	
   will	
   spontaneously	
   self-­‐assemble	
   into	
   liposomes46.	
   The	
  
choice	
  of	
  resuspension	
  buffer	
  will	
  depend	
  on	
  the	
  application	
  but	
  is	
  generally	
  tris	
  or	
  
phosphate-­‐buffered	
   saline	
   at	
   a	
   temperature	
   above	
   that	
   of	
   the	
   Tm	
   of	
   the	
   lipid	
  
mixture.	
  The	
  presence	
  of	
  counter	
  ions	
  in	
  the	
  buffer	
  can	
  aid	
  liposome	
  formation	
  and	
  
prevents	
  aggregation.	
  The	
  pH	
  will	
  depend	
  on	
   the	
  desired	
   ionisation	
  of	
  headgroups	
  
present.	
  	
  
	
  
Rehydration	
   forms	
  a	
  heterogeneous	
  mixture	
  of	
  multilamellar	
   liposomes,	
  which	
  can	
  
range	
   in	
   size	
   -­‐	
   from	
   this,	
   several	
   different	
   liposome	
   classes	
   can	
   be	
   made.	
   Giant	
  
unilamellar	
   vesicles	
   (GUV)	
   (1-­‐100	
   μm)	
   are	
   used	
   as	
   eukaryotic	
   cell	
   models.	
   Early	
  
protocols	
   for	
   GUV	
   formation	
   involved	
   adding	
   aqueous	
   buffer	
   to	
   a	
   thin	
   layer	
   of	
  
hydrated	
  phospholipids	
  and	
  allowing	
  them	
  to	
  swell47.	
  However,	
  this	
  method	
  is	
  time	
  
consuming	
   and	
   often	
   produces	
   a	
   high	
   proportion	
   of	
   large	
   multilamellar	
   vesicles	
  
(LMV)48.	
   To	
   speed	
   up	
   this	
   process,	
   lipids	
   can	
   be	
   deposited	
   on	
   electrodes.	
   The	
  
swelling	
   process	
   is	
   enhanced	
   following	
   the	
   application	
   of	
   an	
   electric	
   field49.	
   	
   A	
  
population	
  of	
   smaller	
  unilamellar	
   liposomes	
  can	
  be	
  produced	
   through	
  use	
  of	
   sonic	
  
force	
  (sonication)	
  or	
  mechanical	
  force	
  (extrusion).	
  Extrusion	
  is	
  the	
  process	
  of	
  passing	
  
the	
   liposome	
   suspension	
   through	
   a	
   polycarbonate	
   filter	
   of	
   a	
   define	
  pore	
   size	
   >	
   10	
  
time.	
   By	
   using	
   filters	
   of	
   different	
   sizes,	
   large	
   unilamellar	
   vesicles	
   (LUV)	
   (200-­‐1000	
  
nm)	
  and	
  small	
  unilamellar	
  vesicles	
  (SUV)	
  (≥	
  100	
  nm)	
  can	
  be	
  produced.	
  LUVs	
  can	
  be	
  
used	
  as	
  bacterial	
  cell	
  models	
  and	
  SUVs	
  can	
  mimic	
  extracellular	
  vesicles50.	
  The	
  size	
  of	
  
the	
  liposome	
  produced	
  affects	
  the	
  curvature	
  of	
  the	
  bilayer,	
  where	
  smaller	
  SUVs	
  have	
  
higher	
  membrane	
  curvature	
  than	
  LUVs51.	
  Curvature	
  can	
  influence	
  the	
  ability	
  of	
  some	
  
proteins	
   to	
   bind52	
   and	
   affects	
   lipid	
   packing51.	
   The	
   bilayer	
   of	
   GUVs	
   are	
   thought	
   to	
  
posses	
   more	
   similar	
   physical	
   properties	
   to	
   the	
   bilayer	
   of	
   cells53;	
   it	
   is	
   therefore	
  
necessary	
   to	
  consider	
   the	
  size	
  and	
  curvature	
  of	
   the	
   liposome	
  most	
  appropriate	
   for	
  



the	
   investigation.	
   Freeze-­‐thawing	
   of	
   multilamellar	
   vesicles	
   is	
   often	
   employed	
   to	
  
reduce	
   the	
   lamellarity	
   of	
   the	
   vesicles	
   whilst	
   also	
   improving	
   their	
   encapsulation	
  
efficiency54,55.	
  Methods	
  of	
  liposome	
  formation	
  have	
  been	
  reviewed	
  previously56,57.	
  
	
  
	
  
	
  
3.1	
  DLS	
  
	
  
Dynamic	
  light	
  scattering	
  (DLS)	
  is	
  a	
  technique	
  used	
  to	
  calculate	
  the	
  size	
  distribution	
  of	
  
particles	
   in	
   a	
   solution.	
   It	
   can	
   be	
   applied	
   to	
   in	
   vitro	
  membrane	
   stability	
   assays	
   to	
  
determine	
   the	
   diameter	
   of	
  membrane	
  models	
   and	
   how	
   they	
   change	
   over	
   time	
   in	
  
response	
   to	
   varying	
   conditions.	
   DLS	
   utilises	
   the	
   Brownian	
   motion	
   of	
   the	
   sample	
  
particles	
   to	
   calculate	
   their	
   diameter58.	
   Initially	
   a	
   monochromatic	
   beam	
   of	
   light	
   is	
  
fired	
   at	
   the	
   sample,	
   the	
   light	
   then	
   subsequently	
   undergoes	
   Rayleigh	
   scattering	
  
provided	
  the	
  particles	
  are	
  smaller	
  than	
  1/10th	
  of	
  the	
  incident	
  light	
  wavelength59	
  (as	
  
shown	
   in	
   Fig.	
   3).	
   The	
   intensity	
   of	
   this	
   scattering	
   varies	
   over	
   time	
   due	
   to	
   the	
  
movement	
   of	
   particles.	
   The	
   fluctuations	
   in	
   intensity	
   of	
   the	
   scattered	
   light	
   are	
  
measured	
   and	
   used	
   to	
   determine	
   the	
   Brownian	
  motion.	
   This	
   can	
   then	
   be	
   used	
   in	
  
conjunction	
   with	
   the	
   Stokes-­‐Einstein	
   relationship	
   to	
   yield	
   particle	
   diameter59.	
   DLS	
  
readings	
   can	
   be	
   conducted	
   rapidly	
   with	
   the	
   majority	
   of	
   the	
   process	
   being	
  
automated.	
   Additionally,	
   DLS	
   can	
   be	
   performed	
   on	
   a	
   range	
   of	
   different	
   sized	
  
particles	
  and	
  low	
  concentrations.	
  A	
  drawback	
  of	
  DLS	
  is	
  that	
  it	
  assumes	
  that	
  particles	
  
are	
   of	
   a	
   spherical	
   shape,	
   limiting	
   its	
   accuracy	
   when	
   measuring	
   non-­‐spherical	
  
samples60.	
  
	
  
3.1.1	
  Examples	
  of	
  use	
  
	
  
DLS	
   has	
   been	
   employed	
   in	
   several	
   studies	
   investigating	
   membrane	
   integrity	
   and	
  
stability	
   in	
  response	
  to	
  various	
  agents.	
  For	
  example,	
  Liu	
  and	
  Liu	
  (2017)61	
  have	
  used	
  
DLS	
   to	
   show	
   how	
   the	
   diameter	
   of	
   choline	
   phosphate	
   (inversed	
   phosphocholine)	
  
liposomes	
   increased	
  upon	
  exposure	
   to	
   Zn2+,	
   suggesting	
   swelling	
  or	
   fusion.	
  DLS	
  has	
  
been	
   used	
   to	
   monitor	
   membrane	
   integrity	
   in	
   response	
   to	
   conjugated	
  
polyelectrolytes	
   (CPE).	
   CPEs	
   are	
   polymers	
   containing	
   delocalised	
   electron	
   systems	
  
which	
   can	
   be	
   used	
   as	
   fluorescent	
   membrane	
   markers.	
   They	
   have	
   advantageous	
  
properties	
   compared	
   to	
   conventional	
   fluorescent	
   dyes	
   and	
   quantum	
   dots	
   –	
   being	
  
nontoxic	
  and	
  photostable	
  whilst	
  retaining	
  sensitivity.	
  Their	
  interactions	
  with	
  the	
  cell	
  
membrane	
   -­‐	
   whether	
   they	
   caused	
   liposome	
   fusion	
   and	
   decomposition	
   -­‐	
   were	
  
investigated	
  using	
  liposome	
  models	
  and	
  DLS62.	
  	
  
	
  
3.2	
  Nanoplasmonic	
  sensing	
  	
  
	
  
Nanoplasmonic	
  sensing	
  is	
  a	
  powerful	
  optical	
  technology,	
  which	
  can	
  provide	
  real-­‐time	
  
insights	
  into	
  structural	
  changes	
  of	
  biomembranes,	
   interfacial	
   interactions	
  as	
  well	
  as	
  
lipid	
   bilayer	
   and	
   liposome	
   stability63.	
   The	
   technique	
   can	
   provide	
   highly	
   sensitive	
  
information	
   regarding	
   the	
   shape,	
   conformation	
   and	
   thickness	
   of	
   molecules	
   of	
  
interest	
  without	
   the	
  need	
  for	
   labels.	
  Additionally,	
  how	
  these	
  variables	
  are	
  affected	
  



by	
  changing	
  external	
  parameters	
   such	
  as	
   solution	
  pH	
  or	
  presence	
  of	
  a	
  membrane-­‐
disrupting	
  compounds	
  and	
  can	
  also	
  be	
  investigated64.	
  
	
  
Samples	
  are	
  adsorbed	
  onto	
  a	
  metal-­‐coated	
  array,	
  usually	
  gold	
  due	
  to	
  its	
  inert	
  nature	
  
(Fig.	
   4)64.	
   As	
   a	
   result	
   of	
   incident	
   visible-­‐light	
   photons	
   interacting	
   with	
   nanoscale	
  
metallic	
   structures,	
   the	
   free	
   electrons	
   in	
   the	
   metal	
   begin	
   to	
   oscillate	
   locally.	
   This	
  
results	
   in	
   localised	
   surface	
   plasmon	
   resonance	
   (LSPR)	
   and	
   the	
   maximum	
   light	
  
extinction	
   wavelength	
   (λmax)65.	
   Structural	
   changes	
   to	
   adsorbed	
   molecules	
   (e.g.	
  
liposomes	
  or	
  bilayers)	
  within	
  close	
  proximity	
  to	
  these	
  oscillating	
  electrons	
  can	
  cause	
  
changes	
  in	
  the	
  refractive	
  index	
  of	
  the	
  local	
  environment66.	
  This	
  subsequently	
  leads	
  to	
  
λmax	
   to	
   shift,	
   which	
   is	
   the	
   primary	
   measurement	
   in	
   nanoplasmonic	
   sensing67,68	
  
Liposome	
  deformation	
  can	
  be	
  detected	
  by	
  a	
  red	
  shift	
  in	
  the	
  λmax.	
  This	
  occurs	
  due	
  to	
  a	
  
change	
   in	
   the	
   refractive	
   index	
   because	
   the	
   adsorbed	
   liposome	
   begins	
   to	
   spread	
  
along	
  the	
  nanoparticle	
  surface	
  when	
  it	
  deforms69.	
  As	
  the	
  array	
  is	
  based	
  on	
  a	
  surface,	
  
the	
   use	
   of	
   LSPR	
   can	
   be	
   combined	
  with	
   spectroscopic	
   techniques	
   such	
   as	
   infrared,	
  
Raman	
  and	
  various	
  forms	
  of	
  microscopy70.	
  	
  
	
  
3.2.1	
  Examples	
  of	
  use	
  	
  

Nanoplasmonic	
   sensing	
   has	
   been	
   used	
   to	
   investigate	
   membrane	
   curvature71	
   and	
  
how	
  this	
  affects	
  membrane-­‐protein	
  interactions	
  as	
  well	
  as	
  the	
  role	
  of	
  cholesterol	
  in	
  
membrane	
   stability1.	
   The	
   disruptive	
   effects	
   of	
   amphiphillic	
   compounds	
   such	
   as	
  
detergents	
   upon	
   small	
   unilamellar	
   vesicles72,	
   and	
   the	
   effects	
   of	
   ionic	
   liquids	
   upon	
  
liposomes	
   have	
   also	
   been	
   investigated	
   using	
   this	
   technique1.	
   Recent	
   research	
   has	
  
also	
   analysed	
   lipid	
   bilayers	
   supported	
   on	
   silica-­‐coated	
   nanowell	
   and	
   nanodisk	
  
sensing	
   platforms72.	
   Jonsson	
   and	
  others	
   (2007)	
  were	
   able	
   to	
   show	
  a	
   characteristic	
  
change	
  in	
  the	
  LSPR	
  signal	
  following	
  vesicle	
  rupture	
  leading	
  to	
  the	
  formation	
  of	
  a	
  SLB	
  
using	
   a	
   gold	
   nanoplasmonic	
   film	
  on	
   a	
   SiO2	
   encapsulated	
   nanohole73.	
   The	
   effect	
   of	
  
osmotic	
   pressure	
   on	
   the	
   deformation	
   of	
   fluid-­‐phase	
   and	
   gel-­‐phase	
   liposomes	
  was	
  
investigated	
  using	
  nanoplasmonics.	
   It	
  was	
   found	
   that	
   increasing	
  osmotic	
  pressures	
  
resulted	
   in	
  deformation	
   for	
   fluid-­‐phase	
  vesicles	
  only69.	
  Additionally,	
  Oh	
  and	
  others	
  
(2015)66,	
   found	
   that	
   increasing	
   temperature	
   to	
  alter	
   lipid	
  phase	
   states	
  had	
  varying	
  
effects	
  on	
  the	
  structure	
  of	
  adsorbed	
  liposomes.	
  

3.3	
  Dye	
  leakage	
  assays	
  
	
  
Dye	
   leakage	
   assays	
   are	
   a	
   staple	
   technique	
   for	
   reviewing	
   membrane	
   stability	
   and	
  
integrity	
   in	
   vitro.	
   They	
   can	
   provide	
   a	
   quantitative	
   measurement	
   of	
   membrane	
  
disruption	
   and	
   hence	
   have	
   important	
   applications	
   when	
   investigating	
   the	
  
cytotoxicity	
   of	
   a	
   novel	
   compound.	
   Some	
   of	
   these	
   dyes	
   and	
   their	
   uses	
   are	
  
summarised	
  in	
  Table	
  1.	
  Generally,	
  the	
  use	
  of	
  fluorescent	
  dyes	
  is	
  employed	
  to	
  assay	
  
membrane	
   integrity.	
   The	
   dye	
   will	
   be	
   unable	
   to	
   transverse	
   the	
   membrane	
   under	
  
normal	
   conditions	
   and	
  will	
   be	
   present	
   on	
   only	
   one	
   side	
   of	
   a	
   bilayer	
   (e.g.	
   inside	
   a	
  
liposome)	
  at	
  a	
  concentration	
  sufficient	
  to	
  cause	
  self-­‐quenching	
  of	
  the	
  fluorescence.	
  
Following	
  disruption	
  to	
  the	
  membrane	
  by	
  permeabilisation	
  or	
  rupture,	
   the	
  dye	
  will	
  
leak	
   out	
   where	
   it	
   can	
   be	
   detected	
   by	
   fluorescent	
   spectroscopy.	
   An	
   increase	
   in	
  
fluorescence	
   will	
   indicate	
   instability	
   in	
   the	
   membrane	
   under	
   investigation.	
   A	
  



drawback	
  of	
  using	
  dye	
  leakage	
  assays	
  alone	
  is	
  the	
  inability	
  to	
  differentiate	
  between	
  
increased	
  permeabilisation	
  and	
  total	
   liposome	
  lysis.	
  Therefore,	
  these	
  assays	
  can	
  be	
  
combined	
   with	
   DLS	
   to	
   enable	
   detection	
   of	
   lysis	
   in	
   addition	
   to	
   the	
   changes	
   in	
  
permeabilisation.	
  
	
  
An	
   example	
   of	
   this	
   is	
   the	
   use	
   of	
   5(6)-­‐Carboxyfluorescein	
   (CF),	
   a	
   fluorescent	
   dye	
  
which	
   self-­‐quenches	
   fluorescence	
   at	
   high	
   concentrations	
   (>97%	
   of	
   fluorescence	
   is	
  
quenched	
  at	
   0.2	
  M)74.	
   This	
   self-­‐quenching	
   can	
  be	
  exploited	
   in	
  membrane	
   integrity	
  
assays	
  as	
   illustrated	
   in	
  Fig.	
  5.	
  A	
  solution	
  of	
  highly	
  concentration	
  CF	
  can	
  be	
  used	
   to	
  
rehydrate	
  a	
  lipid	
  film	
  resulting	
  in	
  spontaneous	
  liposome	
  formation	
  encapsulating	
  the	
  
CF	
   dye	
   molecules	
   inside.	
   Following	
   a	
   series	
   of	
   washes	
   to	
   remove	
   the	
   excess	
   CF	
  
molecules	
   in	
   the	
   surrounding	
  buffer,	
   a	
   solution	
  of	
  CF-­‐containing	
   liposome	
   in	
   clean	
  
buffer	
  is	
  yielded.	
  These	
  liposomes	
  can	
  then	
  be	
  exposed	
  to	
  antimicrobial,	
  solvents	
  or	
  
other	
  compounds	
  to	
  assay	
  their	
  impact	
  on	
  the	
  integrity	
  of	
  membranes.	
  
	
  
	
  
Table	
  1:	
  Dyes	
  commonly	
  utilised	
  in	
  vesicle	
  dye-­‐release	
  assays	
  

Dye	
   Application	
   Wavelengths	
   Measurement	
   Reference	
  
ANTS	
  and	
  DPX	
   Effect	
  of	
  RTX	
  proteins	
  

upon	
  liposome	
  integrity.	
  
Excitation	
  370	
  nm	
  
Emission	
  505	
  nm	
  

Fluorescence	
   Fišer	
  and	
  
Konopásek	
  
(2009)75	
  

Calcein	
   Effect	
  of	
  local	
  
anaesthetics	
  upon	
  
liposome	
  integrity.	
  

Excitation	
  490	
  nm	
  
Emission	
  520	
  nm	
  

Fluorescence	
   Efimova	
  et	
  
al	
  (2016)27	
  

Carboxyfluorescein	
  	
   Effect	
  of	
  AMPs	
  upon	
  
liposome	
  integrity.	
  

Excitation	
  480	
  nm	
  
Emission	
  510	
  nm	
  

Fluorescence	
   Ambroggio	
  
et	
  al	
  
(2005)76	
  

Doxorubicin	
   Characterisation	
  of	
  
temperature	
  sensitive	
  
liposomes	
  for	
  
intravascular	
  triggered	
  
drug	
  release.	
  

Excitation	
  650 nm	
  
Emission	
  673 nm	
  

Fluorescence	
   Burke	
  et	
  al	
  
(2018)77	
  

FITC-­‐dextran	
   Investigation	
  into	
  trans-­‐
activating	
  
transcriptional	
  activator	
  
protein	
  mediated	
  
transduction	
  of	
  
liposome	
  contents	
  into	
  
cells.	
  

Excitation	
  494	
  nm	
  
Emission	
  518	
  nm	
  

Fluorescence	
   Torchillin	
  et	
  
al	
  (2001)78	
  

Methylene	
  blue	
  	
  

	
  

Characterisation	
  of	
  
liposomes	
  in	
  
polymersomes.	
  

Excitation	
  633	
  nm	
   UV-­‐visible	
   Peyret	
  et	
  al	
  
(2017)79	
  

	
  
	
  
	
  
	
  
	
  
	
  



	
  
	
  
3.3.1	
  Examples	
  of	
  use:	
  
	
  
Dye	
  release	
  assays	
  can	
  provide	
  information	
  about	
  the	
  mechanism	
  of	
  toxicity	
  of	
  novel	
  
compounds.	
   Membrane	
   lysis	
   in	
   response	
   to	
   several	
   antimicrobial	
   peptides	
   from	
  
Australian	
   tree	
   frogs	
   has	
   been	
   investigated	
   using	
   CF-­‐encapsulated	
   liposomes76.	
  
Model	
   membranes	
   composed	
   of	
   1-­‐palmitoyl-­‐2-­‐oleoyl-­‐sn-­‐glycero-­‐3-­‐phosphocholine	
  
(POPC)	
  and	
  1-­‐palmitoyl-­‐2-­‐oleoyl-­‐sn-­‐glycero-­‐3-­‐phospho-­‐(1'-­‐rac-­‐glycerol)	
  (POPG)	
  lipids	
  
were	
   treated	
   with	
   peptides	
   Maculatin,	
   Citropin	
   and	
   Aurein.	
   It	
   was	
   found	
   that	
  
increasing	
   the	
   molar	
   ratio	
   of	
   antimicrobial:lipid	
   resulted	
   in	
   more	
   dye	
   leakage	
  
suggesting	
  a	
  greater	
  degree	
  of	
  membrane	
  permeabilisation.	
  
	
  
The	
   effects	
   of	
   two	
   synthetic	
   antimicrobials,	
   namely	
   bicarinalin	
   and	
   BP100	
   were	
  
investigated	
  by	
  Eales	
   and	
   colleagues	
   (2018)80.	
   CF-­‐containing	
   liposomes	
  were	
  made	
  
from	
   the	
   extracted	
   lipids	
   of	
   Acinetobacter	
   baumannii,	
   an	
   opportunistic	
   pathogen	
  
which	
  is	
  often	
  resistant	
  to	
  a	
  range	
  of	
  antimicrobial	
  treatments.	
  Based	
  on	
  CF	
  leakage	
  
from	
  these	
  liposomes,	
  the	
  authors	
  concluded	
  the	
  mechanism	
  of	
  action	
  of	
  bicarinalin	
  
and	
  BP100	
  to	
  be	
  via	
  membrane	
  pore	
  formation.	
  This	
  was	
  because	
  a	
  higher	
   level	
  of	
  
relative	
  fluorescence	
  was	
  seen	
  with	
  increasing	
  concentrations	
  of	
  antimicrobial	
  agent,	
  
suggesting	
  they	
  cause	
  dye	
  leakage	
  from	
  liposomes.	
  
	
  
8-­‐Aminonaphthalene-­‐1,3,6-­‐trisulfonic	
  acid	
  (ANTS)	
  is	
  an	
  anionic	
  fluorophore	
  
and	
   p-­‐xylene-­‐bis-­‐pyridinium	
   bromide	
   (DPX)	
   is	
   a	
   cationic	
   quencher.	
   They	
   can	
   be	
  
combined	
  in	
  a	
  pair	
  to	
  investigate	
  membrane	
  stability81.	
  Fišer	
  and	
  Konopásek	
  (2009)75	
  
used	
   this	
   combination	
   to	
   determine	
   and	
   compare	
   the	
   pore-­‐forming	
   effects	
   of	
  
bacterial	
  repeats-­‐in-­‐toxin	
  (RTX)	
  proteins	
  on	
  liposome	
  integrity.	
  Specifically,	
  whether	
  
these	
   toxins	
   resulted	
   in	
   narrow	
   pore	
   formation	
   and	
   a	
   “graded	
   leakage”	
   or	
   larger	
  
pores	
  and	
  an	
  “all-­‐or-­‐nothing	
  leakage.”	
  
	
  
	
  
3.	
  4	
  Polarity	
  sensitive	
  probes	
  
	
  
Probes	
   sensitive	
   to	
   polarity	
   are	
   commonly	
   used	
   to	
   measure	
   changes	
   membrane	
  
fluidity	
   and	
   lipid	
   packing	
   by	
   determining	
   the	
   generalised	
   polarization	
   (GP).	
   The	
  
emission	
  spectra	
  of	
   these	
  probes	
   shifts	
  depending	
  upon	
   the	
  polarity	
  of	
   the	
  bilayer	
  
environment82,83.	
   This	
   can	
   be	
   influenced	
   by	
   the	
   degree	
   of	
   hydration	
   of	
   the	
  
membrane,	
   where	
   fewer	
   water	
   molecules	
   may	
   be	
   present	
   in	
   closely	
   packed	
  
membranes	
   consisting	
   of	
   saturated	
   lipids,	
   whereas	
   greater	
   numbers	
   of	
   water	
  
molecules	
  are	
  usually	
  present	
  in	
  unsaturated	
  membranes67.	
  	
  
	
  
Commonly	
  used	
  probes	
  include	
  laurdan,	
  which	
  has	
  an	
  emission	
  maximum	
  of	
  440	
  nm	
  
in	
  more	
  rigid,	
  tightly	
  packed	
  membranes	
  and	
  490	
  nm	
  in	
  more	
  fluid	
  membranes.	
  It	
  is	
  
therefore	
   an	
   ideal	
   probe	
   to	
  measure	
   changes	
   in	
  membrane	
   phase	
   transitions	
   and	
  
integrity82,83.	
  Other	
  probes	
  include	
  di-­‐4-­‐ANEPPDHQ	
  with	
  emission	
  maxima	
  of	
  560	
  nm	
  
in	
  gel	
  phase	
  membranes	
  and	
  610	
  nm	
  in	
  liquid	
  phase	
  membranes83.	
  Nile	
  red	
  (NR),	
  9-­‐



diethylamino-­‐5H-­‐benzo[alpha]phenoxazine-­‐5-­‐one,	
   has	
   also	
   been	
   used	
   to	
   measure	
  
membrane	
  properties84.	
  
	
  
3.4.1	
  Examples	
  of	
  use:	
  
	
  
Laurdan	
  has	
  been	
  used	
  to	
  study	
  dipalmitoylphosphatidylcholine	
  (DPPC)	
  multilamellar	
  
vesicles	
   containing	
   different	
   concentrations	
   of	
   cholesterol	
   to	
   investigate	
  
phospholipid	
   order	
   and	
   fluidity66.	
   The	
   study	
   utilised	
   laurdan	
  GP	
   and	
   anisotropy	
   to	
  
assess	
  changes	
  in	
  fluidity	
  with	
  increasing	
  temperature,	
  and	
  demonstrated	
  a	
  decrease	
  
in	
   both	
   GP	
   and	
   anisotropy	
   with	
   increasing	
   temperature.	
   The	
   probe	
   was	
   able	
   to	
  
report	
  on	
  the	
  transition	
  of	
  DPPC	
  from	
  gel	
  to	
  liquid	
  crystalline	
  states.	
  Similar	
  studies	
  
have	
  also	
  been	
  performed	
  upon	
  sphingomyelin	
   liposomes	
  with	
  cholesterol	
  content	
  
ranging	
   from	
   0	
   %	
   to	
   50	
   mol	
   %85.	
   Laurdan	
   detected	
   an	
   increase	
   in	
   fluidity	
   of	
   the	
  
membranes	
   with	
   temperature,	
   shown	
   by	
   a	
   decrease	
   in	
   GP,	
   and	
   the	
   addition	
   of	
  
cholesterol	
   reduced	
   the	
   magnitude	
   of	
   the	
   drop	
   in	
   GP.	
   The	
   study	
   found	
   that	
   the	
  
probe	
   was	
   able	
   to	
   report	
   the	
   phase	
   transition	
   from	
   liquid-­‐ordered	
   to	
   liquid-­‐
disordered,	
   however	
   did	
   not	
   detect	
   transition	
   from	
   the	
   solid-­‐ordered	
   to	
   liquid-­‐
ordered.	
  	
  
	
  
3.5	
  Imaging	
  
	
  
The	
  visual	
  morphology	
  of	
  liposome	
  models	
  can	
  provide	
  important	
  insights	
  into	
  their	
  
integrity.	
   Fluorescent	
   microscopy	
   can	
   elucidate	
   various	
   aspects	
   of	
   liposomes	
  
including	
   shape	
   and	
   size,	
   however	
   the	
   addition	
   of	
   the	
   fluorescent	
   probe	
   may	
  
inadvertently	
   alter	
   liposome	
   characteristics	
   hence	
   the	
   selection	
   of	
   an	
   appropriate	
  
probe	
  is	
  paramount86.	
  
	
  	
  
Unlike	
  fluorescent	
  microscopy,	
  confocal	
  microscopy	
  can	
  eliminate	
  out	
  of	
  focus	
  signal	
  
by	
  utilising	
  a	
  focused	
  beam	
  of	
  light	
  on	
  a	
  small	
  part	
  of	
  the	
  sample,	
  leading	
  to	
  a	
  higher	
  
resolution.	
   Additionally,	
   3D	
   images	
   can	
   also	
   be	
   produced	
   by	
   scanning	
   the	
   sample,	
  
thus	
  providing	
  a	
  great	
  deal	
  of	
  structural	
  information87.	
  In	
  the	
  past	
  decade,	
  confocal	
  
imaging	
  has	
  been	
  combined	
  with	
  a	
  new	
  class	
  of	
  probes	
  termed,	
  fluorescent	
  flippers	
  
which	
   can	
   be	
   used	
   to	
   monitor	
   the	
   lateral	
   pressure	
   of	
   GUVs88,89.	
   The	
   fluorescent	
  
lifetime	
   of	
   these	
   probes	
   depends	
   on	
   the	
   twist	
   between	
   the	
   fluorescent	
   groups,	
  
which	
  correlates	
  to	
   lateral	
  pressure90.	
  Whilst	
  confocal	
  microscopy	
  can	
  provide	
  high	
  
quality	
  images	
  of	
  GUVs,	
  high	
  definition	
  images	
  of	
  SUVs	
  are	
  often	
  unobtainable91.	
  	
  
	
  
Cryogenic	
  electron	
  microscopy	
  (Cryo-­‐EM)	
  is	
  type	
  of	
  microscopy	
  in	
  which	
  samples	
  are	
  
applied	
  to	
  a	
  grid	
  and	
  then	
  rapidly	
  frozen	
  (usually	
  with	
  ethane)	
  before	
   imaging.	
   It	
   is	
  
possible	
   to	
   visualise	
   a	
   liposome’s	
   shape,	
   size	
   and	
   any	
   internal	
   structures92.	
  
Furthermore,	
   cryo-­‐EM	
   avoids	
   structural	
   alterations	
   stemming	
   from	
   sample	
  
preparation	
  that	
  are	
  seen	
  in	
  transmission	
  electron	
  microscopy93.	
  Cryo-­‐EM	
  has	
  been	
  
used	
  to	
  elucidate	
  the	
  mechanism	
  of	
  propranolol	
  on	
  liposomes	
  –	
  showing	
  disruption	
  
to	
  lipid	
  organisation	
  in	
  the	
  bilayer94.	
  
	
  
3.6	
  Other	
  	
  
	
  



Differential	
   scanning	
   calorimetry	
   (DSC)	
   measures	
   the	
   specific	
   heat	
   capacity	
   of	
  
physical	
   transformations	
   (e.g.	
   phase	
   transitions)	
   which	
   are	
   induced	
   by	
   heat95,	
  
therefore	
  DSC	
   can	
  be	
  used	
   to	
   investigate	
   liposomes.	
  DSC	
  provides	
   thermodynamic	
  
information	
  of	
  liposomes,	
  such	
  as	
  their	
  Tm	
  associated	
  enthalpies,	
  the	
  interactions	
  of	
  
compounds	
   with	
   liposomes	
   and	
   liposome	
   fusion96-­‐98.	
   Small-­‐angle	
   X-­‐ray	
   scattering	
  
(SAXS)	
   is	
  another	
   technique	
  which	
  can	
  be	
  used	
   to	
   investigate	
   liposome	
  fusion99.	
   In	
  
SAXS	
  a	
  monochromatic	
  X-­‐ray	
  beam	
  is	
  fired	
  at	
  a	
  sample	
  and	
  subsequently	
  undergoes	
  
scattering	
  once	
  it	
  hits	
  the	
  sample.	
  The	
  intensity	
  of	
  scattered	
  electrons	
  at	
  a	
  particular	
  
angle	
  are	
  measured.	
  Scattered	
  X-­‐rays	
  contain	
  structural	
  information	
  about	
  the	
  size,	
  
shape	
   and	
   surface	
   area	
   to	
   volume	
   ratio99.	
   The	
   location	
   of	
   compounds	
   within	
   the	
  
bilayer	
   can	
   be	
   determined,	
   for	
   example	
   cholesterol100	
   and	
   potentially	
   other	
  
compounds	
  which	
  insert	
  into	
  and	
  disrupt	
  the	
  bilayer.	
  	
  
	
  
4.	
  Conclusions	
  
	
  
A	
  range	
  of	
  methods	
  are	
  now	
  available	
  for	
  studying	
   liposomes	
  as	
  simple	
  membrane	
  
models;	
  dye	
  leakage	
  assays	
  can	
  provide	
  information	
  on	
  their	
  disruption	
  and	
  probes	
  
can	
   indicate	
   changes	
   to	
   fluidity.	
   Real-­‐time	
   data	
   can	
   be	
   gathered	
   using	
  
nanoplasmonic	
   sensing	
   to	
  determine	
   the	
  conformation,	
   curvature	
  and	
   thickness	
  of	
  
liposomes,	
  and	
  changes	
  in	
  size	
  can	
  be	
  measured	
  by	
  DLS.	
  Combined,	
  these	
  liposome-­‐
based	
  techniques	
  are	
  simple	
  but	
  powerful	
  tools	
  to	
   investigate	
  membrane	
   integrity.	
  
Many	
   of	
   these	
   techniques	
   are	
   key	
   in	
   examining	
   the	
   effects	
   of	
   potentially	
   toxic	
  
compounds	
  such	
  as	
  solvents	
  and	
  lipophilic	
  drugs	
  upon	
  the	
  cell	
  membrane,	
  and	
  allow	
  
us	
  to	
  better	
  understand	
  how	
  cells	
  adapt	
  to	
  these	
  challenges	
  and	
  how	
  the	
  membrane	
  
is	
  affected	
  in	
  disease	
  states.	
  
	
  
5.	
  Perspectives	
  
	
  

• Liposome-­‐based	
   techniques	
   provide	
   crucial	
   information	
   on	
   how	
   drugs,	
  
antimicrobial	
   agents	
   and	
   solvents	
   interact	
   with	
   the	
   cell	
   membrane.	
   They	
  
allow	
   defined	
   lipid	
   compositions	
   and	
   sizes	
   to	
   be	
   investigated	
   and	
   are	
   a	
  
versatile	
  and	
  important	
  tool	
  for	
  the	
  study	
  of	
  membrane	
  integrity.	
  

• Current	
   easily-­‐accessible	
   techniques	
   to	
   study	
   liposomes	
   include	
   DLS,	
  
nanoplasmonic	
   sensing	
   and	
   the	
   use	
   of	
   dyes	
   and	
   polarity	
   sensitive	
   probes.	
  
These	
   studies	
   have	
   illustrated	
   how	
   temperature,	
   osmotic	
   pressure	
   and	
  
cholesterol	
   content	
   affect	
   membrane	
   properties	
   and	
   have	
   shed	
   light	
   upon	
  
the	
  mechanisms	
  of	
  action	
  of	
  antimicrobial	
  agents	
  and	
  anaesthetics	
  via	
  pore	
  
formation.	
  

• Liposomes	
  have	
  many	
  applications	
  as	
  simple	
  cell	
  membrane	
  models,	
  and	
  the	
  
range	
   of	
  methods	
   to	
   characterize	
   them	
   is	
   growing;	
   new	
  probes	
   to	
  monitor	
  
their	
   properties	
   are	
   regularly	
   being	
   developed.	
   The	
   study	
   of	
   liposomes	
  will	
  
continue	
  to	
  have	
  a	
  major	
  impact	
  upon	
  our	
  understanding	
  of	
  cell	
  membranes	
  
and	
  how	
  therapeutic	
  molecules	
  and	
  industrial	
  chemicals	
  disrupt	
  them.	
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Figure	
  Legends	
  
	
  
Figure	
  1:	
  Carpet	
  mechanism	
  of	
  membrane	
  disruption	
  by	
  antimicrobial	
  peptides.	
  A)	
  
peptides	
  bind	
  to	
  the	
  membrane	
  and	
  B)	
  accumulate	
  and	
  cover	
  the	
  membrane	
  before	
  
C)	
  disrupting	
  it	
  into	
  smaller	
  sections.	
  
	
  
Figure	
   2:	
   Liposome	
   preparation.	
   Liposomes	
   are	
   prepared	
   by	
   evaporating	
   organic	
  
solvent	
   from	
   the	
   lipids,	
   rehydrating	
   it	
   with	
   the	
   appropriate	
   buffer	
   to	
   the	
   desired	
  
concentration.	
   The	
   lipid	
   is	
   then	
   extruded	
   repeatedly	
   through	
   filters	
   of	
   the	
   desired	
  
pore	
  size	
  (ranging	
  from	
  0.1μm	
  to	
  12	
  μm)	
  to	
  form	
  small	
  unilamellar	
  liposomes.	
  
	
  
Figure	
  3:	
  Dynamic	
  Light	
  Scattering.	
  A	
  monochromatic	
  beam	
  of	
  light	
  is	
  fired	
  through	
  
a	
   sample,	
  and	
  particles	
  within	
   the	
  sample	
   scatter	
   the	
   light.	
  Changes	
   in	
   intensity	
  of	
  
the	
  scattered	
  light	
  are	
  measured	
  to	
  determine	
  Brownian	
  motion	
  and	
  used	
  to	
  obtain	
  



the	
  diameter	
  of	
  the	
  particles.	
  
	
  
Figure	
  4:	
  Nanoplasmonic	
   sensing.	
  Samples	
  such	
  as	
   intact	
   liposomes	
  or	
  bilayers	
  are	
  
adsorbed	
   onto	
   SiO2-­‐coated	
   gold	
   nanodisks	
   supported	
   on	
   a	
   glass	
   sensor.	
   Structural	
  
information	
  about	
  the	
  adsorbed	
  molecules	
  can	
  be	
  obtained	
  by	
  monitoring	
  changes	
  
to	
  Δλmax.	
  
	
  
Figure	
  5:	
  Carboxyfluorescein	
  dye	
  leakage	
  assay.	
  Liposomes	
  are	
  rehydrated	
  with	
  100	
  
mM	
   carboxyfluorescein	
   and	
   extruded.	
   CF	
   self-­‐quenches	
   at	
   high	
   concentrations	
  
within	
  the	
  liposome;	
  upon	
  treatment	
  with	
  a	
  disrupting	
  compound,	
  the	
  CF	
  is	
  released	
  
and	
  diluted,	
  resulting	
  in	
  an	
  increase	
  in	
  fluorescence	
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